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Neutrons reveal
and dynamics

Harmonic and Anharmonic Vibrations in Rubidium Metal
John Richard Dawn Copley PhD 1970

Neutron Scattering Studies of the Dynamics of Imperfect Crystals
William Atsushi Kamitakahara PhD 1972



John’s SANS | at the McMaster Nuclear Reactor
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Part of the neutron scattering group, (from left to right) Thom e First Iris
Mason, Andrew Harrison, Sarah Penny, Professor Gaulin and .’ g°”‘:°‘h’ omator
Jan Reimers, working around the Small Angle Neutron Scattering rysta

(SANS) spectrometer at the McMaster Reactor.







Geometric Frustration in 2D

Triangular

prefer T alignment,
but choice of 3rd spin
direction is unclear



Spin Ilce Physics
on letrahedra in 3D

Pyrochlore

freedom of choice for each tetrahedron leads to a
Macroscopic degeneracy:



Correspondance to
Spin Ice

Ferro coupling
+ [1 1 1] anisotropy
“2in 2 out”

6-fold degenerate

O



" Spin Ice
*Classical macroscopic degeneracy
*Supports monopole excitations

*Rare example of
deconfined excitations in 3D

C. Castelnovo, R. Moessner, and S.L. Sondi, Nature, 451, 43 (2007)
L. Balents, Nature, 464, 199 (2010)



Real Pyrochlores playgrounds for frustratlon

R2T1207 “‘Rare earth titanates”

Ising K Heisenberg

| @

Differences in Anisotropy are very important
Single lon Anisotropy Interactions Ground state
Ho, Dy Ising spin ice
Tb Ising spin liquid/QSI
Gd Heisenberg partial order
= XY ‘order by disorder”

Yb XY ‘quantum spin ice”



“Quantum” Spin Ice

O. Benton et al, Phys. Rev. B 86, 2012

e (Can tunnel between ice rules states

 Introduces fluctuations in the gauge field
coherent, propagating wavepacket of ice configurations

violate ice rules, i.e. 3-In 1-out

transverse fluctuations of gauge field



Yb2 11,07 by the numbers:

* Ferromagnetic “XY” pyrochlore
_ *“Tc” ~240 mK
— e CWr~+06K gig~24




Development ot s Correlations

E =[0.1, 0.3] meV (Quasi elastic)
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Field removes diffuse
scattering

0.0 05 1.0 15 20 25 | 00 05 1.0 15 20 25
[H,H.0] [H,H,0]




Weak magnetic field // [|1 10] induces LRO:

appearance of long-lived spin waves at low T and moderate H

b) 4K, OT -

c) 30mK, OT - d) 30mK, 0.25T e) 30mK, 0.5T
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Applied Magnetic Field (T)

2 3 4 5 6
Temperature (K)
————————————————————————————

K. A. Ross, J. P. C. Ruff, C. P. Adams, J. S. Gardner, H. A. Dabkowska,
Y. Qiu, J. R. D. Copley, and B. D. Gaulin, Phys. Rev. Lett. 103, 227202 (2009)



YboTi20O7 field polarized state

H along [1-10]

N "‘ield Induced Paramagnetic

pplied Magnetic Field (T)
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“Quantum Spin Ice”
(: 0.17 :l:@ J. =0.05+0.01, Jos = 0.05+0.01, J,u = —0.1440.01 (meV)
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® TOF (this work)

B TOF (unpublished)
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AFM LRO

e Paramagnet

(“ o

o0

S

Tb TirO7

® TOF (this work)

B TOF (unpublished)
<> 3-axis (Rule et al.)
/N AC (Rule etal.)

» TOF (Rule etal)
m-- AC (Yinetal)

Gapless

Cooled State Cooled State

e (K)

ZLero-Field

1 10
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Gapped “ordered AF” spin ice state in TboT1207

: e ZFC 100mK| ]
Magnetic spectral : = 300mK

suppression
in FC state is robust
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Collaporation

Kate Ross




New Single Crystals Grown with varying Tb:Ti

l.e. “stuffing” - New samples have no Cp anomaly

Tb@+x) Ti2xO7
66— 6
L N T A R A N T - *. | @ x=+0.005 || —~@ Crystal A |
< | | i paramagnetic state | _ 5| \ 1x=0.0025 1L igrysta:g /..\ 15
— _ F x=0.000 | rystal C| ¢
O5F ¢ & i i D U - =% . ~4 x=-0.0125 / °
T <>/<>—_<> 2 41 J/ \ AL /- 14
" spinliquid i £ i LRO | 1 © L L I /ot -
0 . ! . I, ! ; ! - 5 31 « n s 1L / 13
-0.015 -0.01 -0.005_ O 0.005 0.01 X< N Vi N
X 2 A A\\\lﬁ._x.: i’,\ T /. e /‘ : ®e0q
Taniguchi et al, Phys. Rev. B, 87,060408(R), 201 3. O 2 - /4/{,_4/4; i ’\’73/’/::4/./» 12
et 1L .\.\ ::.»'»/’/ |
T Taniguchi et al-| | This work{ 1
03 04 05 06 07 010203040506 0.7
Yb3* (16d) T (K) T (K)
. 10.162 —— .
C’g/ CryStaI C/l 1006
“““““““ % 10.160 Crystal B J =CD
_ C
----------------- - ~40.04 &
S 10158 Crystal A o 0.0 £
Ti** (16¢) g ©/ S ref :‘75
_ i —(O— w/ Siref. <
10.155 - ' 0.01




Anisotropic Exchange

RE ions are heavy - spin orbit coupling
IS strong
— anisotropic exchange possible

4 symmetry-allowed terms for
exchange tensor

S. Curnoe. Phys. Rev. B 78, 094418 (2008).
see also S. Onoda and Y. Tanaka, Phys. Rev. B 83, 094411 (2011).
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Hermele, M., Fisher, M. & Balents, L. Phys. Rev. B 69, 064404 (2004) L. Savary, L. Balents, Phys. Rev. Lett. 108, 037202 (2012)




